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The simultaneous measurements of magnetization and magnetostriction have been carried out for Tb 0.3 Dy 0.7 Fe 1.95 alloys subjected to the multiaxially magnetomechanical loading. The saturated magnetization and magnetostriction both decrease with the increase of the angle between the applied stress and magnetic filed. The magnetostriction goes up to a climax and then decreases as the applied magnetic field increases, which should remain saturated in the case of the specimen only subjected to the axial magnetic field. On the other hand, magnetization reaches saturation without any decrease in the same region of multiaxial magnetic-stress space. The unsaturated magnetostriction can be explained well by the magnetoelastic anisotropy. Such an investigation is important to validate theoretical approaches on the magnetomechanical behavior of giant magnetostrictive materials. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2736300͔
The Laves phase alloy Tb-Dy-Fe, commercially known as Terfenol-D, has been investigated extensively by many researchers due to its combination of high magnetostriction and low anisotropy. [1] [2] [3] [4] [5] [6] [7] [8] This pseudobinary rare-earth-iron compound has found quite a number of applications such as in magnetomechanical transducers, actuators, and adaptive vibration control systems. [9] [10] [11] Many advanced applications require comprehensively understanding the mechanism of the nonlinear behavior, such as magnetic hysteresis, magnetostriction loop, and the coupled magnetomechanical properties which are controlled by magnetic domain wall movements. [12] [13] [14] [15] Substantially, experiments were designed to study above mentioned properties of Terferno-D with respect to the coupled load of magnetic filed and stress. Meanwhile, the coupled loads are realized only by the "uniaxial" magnetic field and compressive stress for these existing experiments. [3] [4] [5] [6] [7] [16] [17] [18] In other words, the magnetic filed is applied along the same direction of the stress. It is well known that external loads, both magnetic field and stress, can cause domain state changing from one to another. Especially, the giant magnetostriction results from the domain discontinuously jumping between different easy axes. Furthermore, if the applied magnetic field is high enough, the domain will rotate to the direction of applied magnetic filed. However, the magnetic domain evolution of jumping or rotation strongly depends on the loading path or loading history. 12, 19 The "uniaxial" experiments are not enough to understand magnetostriction and magnetization processes involved in the giant magnetostrictive materials. To date, there is still lack of efforts in attempting to investigate the magnetization and magnetostriction in a "multiaxial" stress-magnetic field space. In this letter, we report the simultaneous measurements of axial magnetization and magnetostriction performed for the ͗110͘ oriented polycrystalline alloy Tb 0.3 Dy 0.7 Fe 1.95 under the multiaxial coupled loading of the magnetic field and stress.
The pseudobinary rare-earth-iron compound Tb 0.3 Dy 0.7 Fe 1.95 was prepared from high purity Tb, Dy, and Fe metals. The raw materials were alloyed in a high vacuum arc furnace under the protection of a high purity argon atmosphere, then arc casted into rods with the diameter of 10 mm in a cold copper crucible. The conventional temperature gradient zone melting technique was employed to prepare the ͓110͔ oriented polycrystalline rods.
The specimens were cut from these rods with the dimensions of 10ϫ 40 mm 2 . During experiments, the specimens were subjected to the multiaxially magnetomechanical loading, where there was an angle between the axial compressive stress and magnetic field H, as shown in the inset of set to H ʈ = H cos and H Ќ = H sin , respectively. The ratio of the transversal and axial magnetic fields, i.e., H Ќ / H ʈ = tan , could be adjusted by taking different values of 0°, 45°, 60°, and 90°, respectively. The axial magnetization change was determined using an integrating device with a pickup coil and the axial strain was monitored by a 1 ϫ 1 mm 2 strain gauge employing a Wheatstone bridge circuit. All the experiments were carried out with a magnetomechanical apparatus described in Ref. 20 . Figures 1͑a͒ and 1͑b͒ show the dependence of magnetization on the different values of 0°, 45°, 60°, and 90°w ithout the applied stress and under the compressive stress of 25 MPa, respectively. When the angle is equal to zero, it is obviously found that the magnetization goes up quickly at the initial stage, which results from the domains jumping to ͓111͔ from other easy axis. Hereafter, the domains continue to rotate to the direction of the applied magnetic field as the magnetic field increases. Eventually the magnetization approaches to saturation. Therefore, the magnetization process consists of two regions shown in Fig. 1͑a͒ : ͑i͒ a magnetization jump region and ͑ii͒ a domain rotation region. When most magnetic domains along the magnetic field direction, the saturation magnetization measured along rod axis can be obtained,
where M s is saturation magnetization of the material with respect to zero angle. Therefore, M s ͑͒ and the susceptibility ͑͒ will decrease with the increasing of . The saturation magnetizations measured along rod axis without stress are 0.95, 0.72, 0.57, and 0.04 T for different values of 0°, 45°, 60°, and 90°, respectively. As well, ͑͒ will decrease under the compressive stress since the applied stress of induces magnetic domain rotating to the direction perpendicular to the rod axis. Figures 2͑a͒ and 2͑b͒ show the dependence of the axial magnetostriction on different values of 0°, 45°, 60°, and 90°under the compressive stress of 0 and 25 MPa, respectively. The similar phenomenon to magnetization process occurs in magnetostriction process at the initial stage. The magnetostriction increases dramatically resulting from the domain jumping between easy axes. However, the magnetostriction does not reach saturation except for the case of = 0. After the initial stage, the magnetostriction goes down, or has a "drop," from the climax for values of 45°, 60°, and 90°, which resulting from the anisotropic domain rotation. 12 We will give the theoretical prediction in the latter. Table I shows magnetostrictive parameters of the specimen obtained from the experiments. Figure 2͑a͒ shows that also decreases with the increase of as the magnetization does, and it increases to a saturation s ͑0°͒ = 1137ϫ 10 −6 at high field if = 0°. However, an initial flat stage appears due to the effect of the transversal demagnetization field at lower field and after that it decreases slowly to s ͑90°͒ = −490ϫ 10 −6 at high field if = 90°. Therefore the maximum magnetostriction M can be obtained as follows:
The application of = 25 MPa leads to an increase in strain amplitude to s ͑0°͒ = 1746ϫ 10 −6 if = 0°, which is almost equal to the calculated value M = 1627ϫ 10 −6 . However, the axial strain is almost zero if = 90°. It can be concluded that the initial domains perpendicular to the rod axis were favored if of 25 MPa was applied before magnetization.
It should be noted that the magnetostrictive behaviors are obviously different with respect to the cases of = 45°a nd = 60°, shown in Fig. 2 . The magnetostriction curves consist of three distinct regions: ͑i͒ a low field region where increases rapidly, ͑ii͒ a moderate field region where it increases slowly to a maximum amplitude, and ͑iii͒ a high field region where there is a slightly and continuously drop of magnetostriction ͑⌬ d ͒, which is similar with the previous report on the magnetostriction along ͓110͔ direction under the magnetic field applied along ͓112͔ direction. 15 However, the magnetostriction drop is not observed if = 0°despite of the compressive stress, as well as the magnetization in corresponding region, remains almost unchanged in contrast to the magnetostriction in the case of = 45°and = 60°. Figure 3 shows the classical normalized magnetostriction versus normalized magnetization curves when = 25 MPa. As we all know, both magnetostriction and magnetization depend on the domain configuration and only non180°domain wall motion or domain rotation is effective in giving rise to the elongation. For the domain rotation out of the easy axis, the magnetostriction as a parabolic function of magnetization and magnetic field can be calculated as Thus, it can be concluded that the 90°domain wall displacements are prominent in Terfenol-D alloys as shown in Fig. 3 . The drop of the magnetostriction can be explained by the anisotropic domain rotation model 12, 13, 21 which describes the domain evolution by rotation from the easy axis to the direction of the applied magnetic field. If we assume that the magnetostriction is measured along ͓110͔ while the magnetic filed is applied along ͓112͔ ͑in other words, Ϸ 54.7°͒, during the domain rotation process, the magnetostriction along ͓110͔ is given by Thus, the magnetostriction increases to the climax rapidly at the initial stage where the domain jumps to ͓111͔, and then drops slightly which results from the domain rotation from the easy axis of ͓111͔ directions to the applied field direction of ͓112͔. However, the single domain rotation is still unable to predict the phenomenon that the magnetization along ͓110͔ remains unchanged during the drop of magnetostriction because the magnetization decreases during such domain rotation. Maybe there is another type of domain rotation away from ͓110͔ during the last magnetic process, which leads to the decrease of magnetostriction and the increase of magnetization, simultaneously. Here, Eq. ͑5͒ is just proposed for single crystal and it is used to demonstrate the mechanism of magnetostriction drop. For the real specimen, it is a polycrystalline with multidomain structure whose behavior is much more complicated. The further work is needed to do in order to quantitatively predict the behavior of the polycrystalline. In summary, the magnetization and magnetostriction under the application of the multiaxial magnetomechanical load are measured simultaneously. In the high magnetic field, the magnetostriction decrease slightly and the magnetization remains almost unchanged with or without compressive stress in case of = 45°and = 60°. The mechanism of the peculiar behavior can be explained clearly by the anisotropic domain rotation model. The proposed investigation may serve to evaluate the accuracy of existing micromechanical and phenomenological constitutive laws for giant magnetostrictive materials.
